A hybrid Monte Carlo-fluid modeling network is developed for an argon-hydrogen mixture, to predict the effect of small amounts of hydrogen added to a dc argon glow discharge. The species considered in the model include the Ar gas atoms, electrons, Ar ϩ ions and fast Ar atoms, ArH ϩ , H ϩ , H 2 ϩ and H 3 ϩ ions, and H atoms and H 2 molecules, as well as Ar metastable atoms, sputtered Cu atoms, and the corresponding Cu ϩ ions. Sixty-five reactions between these species are incorporated in the model. The effect of hydrogen on various calculation results is investigated, such as the species densities, the relative role of different production and loss processes for the various species, the cathode sputtering rate and contributions by different bombarding species, and the dissociation degree of H 2 and the ionization degree of Ar and Cu. The calculation results are presented and discussed for 1% H 2 addition, and comparison is also made with a pure argon discharge and with only 0.1% H 2 addition.
I. INTRODUCTION
In recent years, there has been a lot of interest in the effects of small amounts of hydrogen added to argon discharges ͓1-18͔. The addition of hydrogen was found to cause a drop in the ionization in the discharge, and in the Ar ion and electron densities ͓1-4͔. It is also well-recognized that the addition of hydrogen affects the sputter rates in glow discharges ͓5,6͔. On one hand, the sputter yield by hydrogen ions is very low, due to their low mass ͓5͔. But on the other hand, the ArH ϩ ions formed in argon-hydrogen discharges start playing an important role in sputtering, due to their higher kinetic energy than Ar ϩ ions when bombarding the cathode ͓6͔. A number of papers have also reported on the measurement of ion energy distributions in argon/hydrogen discharges ͓7-9͔. The dissociation rate of H 2 in argonhydrogen mixtures was also investigated, and it was found to be much smaller than in pure hydrogen discharges, as a result of vibration-translation energy exchanges ͓10͔. Hydrogen Balmer lines were measured in argon-hydrogen glow discharges to obtain information on reactions in the plasma ͓11͔, on the electron density ͓12͔, and on the electric field distribution ͓13͔. Moreover, the effect of hydrogen has also been investigated on glow discharges used for the spectrochemical analysis of solid materials by cathode sputtering. It has been observed that some optical emission line intensities of Ar atoms and ions, and of sputtered ͑e.g., copper͒ atoms and ions, increase while others decrease when hydrogen is added ͓14 -16͔. Also, the relative ionization efficiencies of different sputtered elements in these glow discharges appear to be influenced by the addition of hydrogen ͓17,18͔.
Although a large number of chemical reactions have been studied between argon and hydrogen species ͓19-31͔, the various effects of hydrogen on argon discharges are not fully understood. In order to obtain a better understanding of these effects, we have developed a comprehensive modeling network, based on various Monte Carlo ͑MC͒ and fluid models, for the different species present in argon-hydrogen glow discharges. There exist some models in the literature for pure hydrogen discharges ͓32-39͔, but to our knowledge, there is only one model published for an argon-hydrogen mixture ͓40͔, which was simply based on particle balance equations, and applied to a thermal argon-hydrogen plasma, hence operating at completely different discharge conditions from a ͑nonthermal͒ glow discharge.
II. DESCRIPTION OF THE MODELING NETWORK
Thirteen different species are considered in the model, including the Ar gas atoms, electrons, Ar ϩ , ArH ϩ , H ϩ , H 2 ϩ and H 3 ϩ ions, fast Ar atoms, H atoms, and H 2 molecules, the Ar metastable atoms, the sputtered cathode atoms ͑Cu is taken as an example͒ and the Cu ϩ ions. For the Ar gas atoms, no model is used, and they are simply assumed to be uniformly distributed in the plasma, with thermal velocities. Their density is calculated from the input gas pressure and temperature, by the ideal gas law (n ϭN/Vϭ p/kT), multiplied by the percentage argon ͓i.e., 1 Ϫ͑percentage hydrogen͔͒. The behavior of the other species is described by a number of MC models ͑for the species that are not in equilibrium with the electric field, i.e., they gain more energy from the electric field than they lose by collisions; hence, a MC model is most accurate͒ and fluid models ͑for the species that can be considered in equilibrium with the electric field; hence, a fluid model is a valid approach͒. In the following, these different models will be explained in some more detail, and the coupling between the different models, due to the interaction processes between the different species, will be outlined.
A. MC model for the electrons
The electrons are described by using a MC model during successive time steps, from the moment they are created ͑ei-*Email address: annemie.bogaerts@ua.ac.be ther by secondary electron emission at the cathode, or by ionization in the plasma͒, until they bombard the walls ͑where they can be reflected, cause secondary electron emission or become absorbed͒, or until they become thermalized in the negative glow ͑NG͒ ͑see below͒.
The secondary electron emission can be caused either by Ar ϩ ions, fast Ar atoms, ArH ϩ , H ϩ , H 2 ϩ or H 3 ϩ ions bombarding the cathode. The emission yields for Ar ϩ ion and Ar atom bombardment, as a function of the incoming energy ͑which is calculated in the MC models for ions and atoms; see below͒, are adopted from Ref. ͓41͔ , whereas the corresponding values for H ϩ , H 2 ϩ , and H 3 ϩ ions are taken from Ref. ͓42͔ . We could not find experimental data for ArH ϩ -ion-induced emission yields. However, because of the large proton affinity for Ar, ArH ϩ ions have probably not sufficient internal energy for potential ejection of secondary electrons. For kinetic ejection of secondary electrons, we can assume that the secondary electron emission yield is equal to that for an Ar atom ͑with energy equal to 40/41 of the ArH ϩ energy͒ plus the contribution from an independently acting H ϩ ion ͑with energy equal to 1/41 of the ArH ϩ energy͒ ͓43͔. The electrons emitted from the cathode are accelerated in the cathode dark space ͑CDS͒ by the strong electric field, and they are subject to collisions in the plasma. The collision processes taken into account in this model are summarized in Table I , together with the references of the corresponding cross sections ͓41,44 -50͔. The elastic scattering reactions ͑nos. 1 and 6͒ lead to a change in direction of the electrons but nearly no change in the energy, due to the large difference in mass of electrons and Ar atoms or H 2 molecules. The different electron impact ionization reactions ͑i.e., nos. 2, 4, 10, 11, 13, and 14͒ give rise to a new electron that is also followed in this electron MC model, and an ion that is treated in the ion MC models described below. Two kinds of electron impact excitation are considered in this model, i.e., total vibrational excitation of H 2 molecules ͑no. 7, which in our model leads only to a change in energy and direction of the electrons, because the vibrationally excited H 2 molecules are not explicitly followed in the model͒ and total electronic excitation ͑nos. 3, 5, 8, 9 , and 12͒. It should be mentioned that reaction no. 3 stands for total electronic excitation of Ar ͑i.e., summed over all Ar excited levels͒, but the excitation to the Ar metastable levels is also explicitly described in the model, because it is necessary as input for the Ar metastable model ͑see below͒. Similarly, electron impact ionization and excitation from the Ar metastable level ͑reactions nos. 4 and 5͒ are included in the MC model, because they are also used as input in the Ar metastable model. Electronic excitation of the H 2 molecules can lead either to singlet or triplet states. In our model we use only two electronic excitation cross sections for H 2 , i.e., for the sum over all singlet states and for the sum over all triplet states. It is generally known that excitation to the triplet states leads to dissociation of the H 2 molecule. Indeed, all triplet states will radiate to the lowest triplet H 2 state (b 3 ⌺ u ϩ ) ͓48͔, which is formed by two H ground state atoms, in which one electron is in a binding orbital and the other in an antibinding orbital. This state is repulsive, and will consequently dissociate into two H atoms. Moreover, we assume that also about 15% of the singlet excitation leads to dissociation, based on the cross sections of photon emission for the Ly-␣, Ly-␤, H-␣, H-␤, H-␥, H-␦ lines and the production of metastable H(2s) atoms, found in Ref. ͓47͔. Therefore, the total dissociation rate of H 2 due to electron impact excitation is calculated in our model as the sum of the total triplet excitation rateϩ15% of the total singlet excitation rate. Finally, rotational excitation of H 2 is neglected in the model, because ͑i͒ the energy loss is small, and it has no effect on the electron energy distribution function, and ͑ii͒ the rotationally excited H 2 molecules are not considered in the model.
As mentioned above, the electrons are followed in this MC model during successive time steps, until they bombard the walls, or until they become thermalized in the NG. In contrast to our previous electron MC model for pure argon discharges, where electrons with energy below 11.55 eV in the NG were transferred to the slow electron group ͑to be treated in the fluid model͒ ͓51͔, all electrons with energy above thermal energy are followed in the present MC model. Indeed, because of the presence of H 2 molecules, the threshold for inelastic collisions is now reduced to about 0.5 eV ͑i.e., for vibrational excitation of H 2 ͒. In order to limit the calculation time when a large number of slow electrons has to be simulated, a variable time step ͑depending on the electron energy͒ is used to calculate the electron trajectories in the NG. The slow electrons are described with a fluid model in the NG, where they can be considered in equilibrium with the weak electric field. This fluid model describes also the various ionic species, as will be explained in Sec. II C. However, in addition to this fluid model, we have also developed a number of MC models in the CDS for the various ionic species ͑Ar ϩ , ArH ϩ , H ϩ , H 2 ϩ , and H 3 ϩ ͒, as well as for the fast Ar atoms created from the ions by various kinds of collisions. Indeed, the ions are not in equilibrium with the strong electric field in the CDS, and are therefore more accurately treated with a MC code. Moreover, we are interested in the flux energy distributions of the ionic species and the fast Ar atoms bombarding the cathode ͑i.e., to calculate the secondary electron emission yields and the sputtering yields; see above and below, respectively͒, which can be easily calculated in the MC model.
The flux of the ions entering the CDS from the NG is obtained from the fluid model ͑see below͒. The ions are then accelerated toward the cathode by the strong electric field, and they are also subject to collisions. Table II gives an overview of the reactions taken into account in the MC models for Ar ϩ , ArH ϩ , H ϩ , H 2 ϩ , and H 3 ϩ ions and fast Ar atoms, respectively, as well as the references where the cross sections were taken from ͓28,29,43,49,52-57͔.
Some reactions, such as elastic scattering ͑including symmetric charge transfer͒, do not result in the creation of new species; they only change the energy and direction of the ions and atoms. However, most other reactions, such as proton transfer, asymmetric charge transfer, collision-induced dissociation, etc., lead to the destruction of the ions, and the formation of new types of ions and/or neutrals. These created species are also followed in the MC models ͑for the ionic species and the fast Ar atoms͒, as well as in the fluid models ͑for the ions, the H atoms, and H 2 molecules; see below͒.
Reaction nos. 17 and 50; i.e., fast Ar ϩ ion and Ar atom impact ionization, give rise to a new electron and an ͑addi-tional͒ Ar ϩ ion; the latter is also followed in the Ar ϩ MC model, whereas the electron is followed in the electron MC model ͑see above͒. Finally, reaction nos. 18 and 51 are fast Ar ϩ ion and Ar atom impact excitation to the Ar metastable level. The corresponding excitation rates are used as input in the Ar metastable model ͑see below͒.
All the ions that enter the CDS from the NG, as well as the ones created from collisions of the other species in the CDS ͑see Table II͒ are followed, until they are destructed by collisions ͑see above͒ or until they bombard the cathode ͑or the other cell walls͒, where they are assumed to be reflected as neutrals. The Ar ϩ ions ͑as well as the Ar atoms͒ are assumed to be reflected for 100% as neutral Ar atoms, with a fraction of their initial kinetic energy; the latter is adopted from Ref. ͓58͔. The H ϩ , H 2 ϩ , H 3 ϩ , and ArH ϩ ions are assumed to be reflected as H atoms, with a reflection probability of 0.6, 1.2, 1.8, and 0.6, respectively ͓59͔. The H atoms are not followed by using a MC algorithm, but their production rate due to reflection is used as input in the H-H 2 fluid model ͑see below͒.
The fast Ar atoms, created ͑i͒ by neutralized reflection at the walls of the Ar ϩ ions, ͑ii͒ by collisions of the various ions in the CDS ͑see Table II͒, or ͑iii͒ from other fast Ar atoms by elastic collisions in the plasma or reflection at the walls, are followed by using the MC method, until their energy drops below 1 eV, because at lower energy, they are not assumed to be ''fast'' anymore. As mentioned above, the various ionic species and the slow electrons are also treated with a fluid model. It consists of six continuity ͑balance͒ equations and six transport equations ͑based on diffusion and migration͒, i.e., one for each type of species:
Here, x stands for every type of species ͑Ar ϩ , ArH ϩ , H ϩ , H 2 ϩ , H 3 ϩ or electrons͒, n and j denote the species density and flux, R prod and R loss are the species total production and loss rates, and D are the species mobility and diffusion coefficients, and E is the electric field distribution. In the transport equation, a positive sign in the migration term is used for the ions, whereas a negative sign applies to the electrons. The mobility and diffusion coefficients for the Ar ϩ ions and electrons were taken from Ref. ϩ . Electron-ion recombination, proton transfer ͑37͒, charge transfer plus dissociation ͑38͒ and collisioninduced dissociation ͑39,40͒ with Ar, proton transfer plus dissociation ͑43,44͒, charge transfer plus dissociation ͑45͒ and collision-induced dissociation ͑46,47,48͒ with H 2 .
Most of the production and loss rates are calculated in the MC models, i.e., in the entire discharge for the electroninduced reactions, and in the CDS for the ion-induced processes. However, in addition, some of the ion-induced chemical reactions are also treated in the fluid model itself, i.e., when the cross section is high at thermal energy, so that the process can occur with thermal ions in the NG. This is the case for reactions 19, 20, 25, 32, 33 , and 34 ͑see references for the cross sections͒. The additional production and loss rates are then calculated based on the densities of the collision partners multiplied with the rate coefficients, which are calculated from the cross sections at thermal energy. The values calculated in this way appear to be in good agreement with rate coefficients found in the literature ͓30,40,62,63͔. Finally, electron-ion recombination, which was not considered in the MC models because it applies to thermal electrons, is also treated in the fluid model. Only recombination with the molecular ions ͑ArH ϩ , H 2 ϩ , and H 3 ϩ ͒ is taken into account, and the rate coefficients used ͓3,37,40͔ are also given above between brackets. Recombination with atomic ions ͑Ar ϩ and H ϩ ͒ is negligible because of too low rate coefficients.
Finally, the above continuity and transport equations are coupled to Poisson's equation, to calculate the electric field distribution from the different ion and the electron densities:
The set of coupled differential equations is solved with the Scharfetter-Gummel exponential scheme ͓51,64͔.
D. Fluid model for the H atoms and H 2 molecules
The H atoms and H 2 molecules are also described with a set of two coupled continuity ͑balance͒ equations ͑with different production and loss terms͒ and two transport equations ͑determined by diffusion͒,
The production and loss processes taken into account are listed below. The numbers between brackets correspond again to the numbers given in Tables I and II . Again, most production and loss rates are calculated by using the MC models of ions and electrons. In addition, the ion-induced reactions with high cross sections at thermal energy ͑so that the reactions can occur in the NG, with thermal ions͒ are also treated in the H-H 2 -fluid model, based on the rate coefficients and the densities of the reacting species, in analogy to the above electron-ion fluid model. Dissociation of H 2 by Ar metastables is also taken into account in this model, because this process has been demonstrated to be important in argon-hydrogen glow discharges, by the strong continuum emission in the spectral range of 220-440 nm ͓14 -16,27͔. The rate of this reaction is obtained based on the Ar metastable density calculated in the metastable model ͑see below͒ and the H 2 density, multiplied by the corresponding reaction rate coefficient ͑assumed to be 7ϫ10 11 cm 3 s Ϫ1 , based on values reported in Refs. ͓30͔, ͓65-67͔͒.
Besides the chemical reactions taking place in the plasma, two processes occurring at the walls might play an important role in determining the H and H 2 densities, i.e., reflection at the walls of ArH ϩ , H ϩ , H 2 ϩ , and H 3 ϩ ions under the form of H atoms ͑treated in the ion MC models; see above͒ and recombination of H atoms into H 2 molecules at the walls ͑which are assumed to be saturated with H atoms͒. The latter reaction, which defines a loss of the H atoms and a formation of H 2 molecules, is treated as the boundary condition in the balance equations of H atoms and H 2 molecules, using a recombination coefficient of 0.1 ͓35,68,69͔. This wall recombination of H atoms is suggested to be the dominant production mechanism of H 2 molecules in argon-hydrogen supersonically expanding cascaded arc plasmas ͑where no H 2 molecules, but only Ar ϩ , Ar, H ϩ , H, and electrons, are assumed to leave the arc͒ ͓3͔.
E. Fluid model for the Ar metastable atoms
Because of the possibly important role of the Ar metastables in dissociation of the H 2 molecules ͑see above͒, the models developed for the hydrogen species should also be coupled with a model for the Ar metastable atoms. The metastable model used for this purpose has been developed previously ͓70͔, except that two extra processes, related to H 2 , are now added to the model.
The behavior of the Ar metastable atoms is again described by a balance ͑continuity͒ equation containing different production and loss terms, and a transport equation determined by diffusion,
The diffusion coefficient ͑D͒ is assumed to be 54 cm 2 s
Ϫ1
at 1 Torr ͓70͔. The production processes taken into account in the model are electron, Ar ϩ ion, and fast Ar atom impact excitation to the metastable level ͑for which the rates are calculated in the MC models; see above͒, as well as Ar ϩ ion-electron radiative recombination ͑which is actually found to be negligible, due to the small rate coefficient ͓70͔͒. The loss processes include electron impact ionization and total excitation from the metastable level ͑also treated in the electron MC model above͒, electron quenching ͑i.e., transfer to the nearby 4s resonant levels by low-energy electrons͒, collisions between two metastable atoms ͑resulting in ionization of one of the atoms, whereas the other is deexcited to the ground state; hence, this process results in the simultaneous loss of two metastable atoms͒, Penning ionization of the sputtered Cu atoms, and two-body and three-body collisions with Ar ground state atoms. More details about these processes and the rate coefficients used can be found in Ref.
͓70͔.
The additional loss processes, related to the hydrogen species, which are now added to the model, are excitation followed by dissociation of the H 2 molecules due to Ar metastable atoms ͑see above͒, and excitation of H atoms by Ar metastable atoms, both leading to deexcitation of the metastable level. The rate coefficients for these processes are taken as 7ϫ10
Ϫ11 and 4ϫ10 Ϫ11 cm 3 s Ϫ1 , respectively ͓30͔. Finally, it should be mentioned that there is another loss mechanism for the Ar metastable atoms, given by diffusion toward the walls, and subsequent deexcitation at the walls. The boundary condition for this model is therefore defined as the metastable density being equal to zero at the cell walls ͓70͔.
F. Models for the sputtered Cu atoms and corresponding Cu ¿ ions
Because it has been reported in the literature that the addition of hydrogen to an argon glow discharge affects the sputtering ͓5,6͔, as well as the optical emission line intensities ͓14 -16͔ and ionization efficiencies ͓7,8͔ of sputtered atoms, the present modeling network for an argon-hydrogen glow discharge also includes some models for the sputtered species, which were previously developed ͓71,72͔, and which will be briefly outlined here, taking Cu as an example.
The sputtering rate for the Cu cathode is calculated based on an empirical formula for the sputtering yield as a function of energy of the bombarding species ͓73͔, multiplied by the flux energy distributions of the various ions and the fast Ar atoms bombarding the cathode. The Cu atoms sputtered from the cathode have typical energies in the order of 5-10 eV, which they lose almost immediately by collisions with the Ar gas atoms, until they are thermalized. This thermalization process is described by a MC model ͓71͔.
The further behavior of the thermalized Cu atoms, i.e., their transport by diffusion, and the ionization of the Cu atoms, as well as the behavior of the Cu ϩ ions, is described by a fluid model, consisting of two coupled continuity equations and two transport equations ͑based on diffusion for the Cu atoms and on diffusion plus migration for the Cu ϩ ions͒. The production of Cu atoms is given by the product of the sputtering rate and the thermalization profile, whereas the loss of Cu atoms, which is equal to the production of Cu Because the different plasma species interact with each other, the models used to describe their behavior are coupled to each other, and are solved iteratively ͑i.e., the output of one model is used as input in the next model͒ until final convergence is reached. It is important to realize that different kinds of models ͑MC and fluid͒ are sometimes applied to the same species and/or in the same spatial regions, because they yield complementary information. Indeed, a MC model is used for the fast ͑i.e., nonthermal͒ electrons in the entire discharge, and a fluid model is applied to the various ions and the thermal electrons in the entire discharge. Transfer of data between the two models is the slow electron transfer rate ͑from the MC model to the fluid model͒, beside other production and loss rates for the ionic species ͑see below͒. Beside the fluid model for the ions, a MC model is also developed for the various ions ͑as well as for the fast Ar atoms͒, but only in the CDS, because it gives a more accurate description when the species are not in equilibrium with the electric field, and because it yields the energy distribution of the ions, necessary to calculate secondary electron emission yields and sputter rates. Transfer of data from the fluid model to the MC model is the flux of ions entering the CDS from the NG. Hence, both a MC and a fluid model are used for the ionic species in the CDS, but we have checked that both models yielded the same results with respect to densities and fluxes. Similarly, for the Cu ions, a fluid model is used in the entire discharge, and a MC model is applied in the CDS. The flux entering the CDS from the NG is again calculated in the fluid model, and used as input in the MC model.
The general input for the modeling network is the cell geometry, the gas pressure and temperature, and the discharge voltage, as well as transport coefficients and the cross sections and rate coefficients of the various processes described in the model. Because the present paper intends to show the capabilities of the modeling network by presenting results generally applicable to argon-hydrogen glow discharges, we consider as an example a simple cylindrically symmetrical cell geometry, with length and diameter equal to 1 cm. This permits the fluid calculations to be performed in two dimensions: axial and radial directions. The MC simulations are, however, carried out in three dimensions, because this is mathematically simpler and it reflects reality. The operating conditions taken as example are a dc voltage of 800 V, a gas pressure of 1 Torr, and a temperature of 300 K.
The simulations start with a run of the electron-ion fluid model, using arbitrary production and loss rates for the different species. This model gives us the electric field distribution throughout the plasma, and the fluxes and density profiles of the various ions and electrons. The latter are used as input in the H-H 2 -fluid model, which uses, for the first iteration, also arbitrary production and loss rates for the reactions treated in the MC models. The results of this H-H 2 -fluid model are, among others, the density profiles of the H atoms and H 2 molecules. Using the latter density profiles, as well as arbitrary rates for the production and loss processes treated in the MC models, a run of the Ar metastable model is carried out, yielding, among others, the Ar metastable atom density. The latter is inserted in the H-H 2 -fluid model that gives updated results for the H and H 2 density profiles. A second iteration between the Ar metastable model and the H-H 2 -fluid model is not necessary here, because the results of both models would not change by more than 1% ͑i.e., convergence is reached͒. Also, the coupling back of the H-H 2 -fluid model to the electron-ion-fluid model is not carried out at this moment, because ͑i͒ the new H and H 2 densities do not significantly affect the calculation results of the electron-ion-fluid model, and ͑ii͒ a new ͑and unnecessary͒ run of the electron-ion-fluid model increases the overall computation effort of the modeling network.
The electric field distribution, as well as the fluxes of the various ions entering the CDS from the NG, both calculated in the electron-ion-fluid model, are used as input in the MC models. Moreover, the density profiles of the H atoms and H 2 molecules, and of the Ar metastable atoms, calculated with the H-H 2 -fluid model and with the Ar metastable model, respectively, are inserted in the MC models. The different MC models, i.e., for the Ar ϩ , ArH ϩ , H ϩ , H 2 ϩ , and H 3 ϩ ions, the fast Ar atoms and the electrons, are run consecutively. The output of one MC model ͑e.g., the creation rate of other species by chemical reactions in the plasma, or the secondary electron emission rate͒ is used as input in the other MC models. This consecutive running has to be repeated a few times, with updated output/input for the other models, until convergence is reached. This is defined here when the ion and Ar atom fluxes arriving at the cathode, stay constant within 1% ͑the remaining differences are due to statistics͒. Typically, about 10-15 consecutive runs have to be carried out before convergence is reached. When convergence is reached within the MC models, the electron-ion-fluid model, the H-H 2 -fluid model, and the Ar metastable model are calculated again, using now the appropriate production and loss rates, as obtained from the MC models. Indeed, the rates of electron-, ion-, and atominduced reactions are calculated in the MC models for electrons, ions, and Ar atoms, respectively, as the number of collision events per unit volume and unit time ͑cm Ϫ3 s Ϫ1 ͒. These rates are then used in the right-hand side of the balance equations of the species described in the fluid models. Running the fluid models then yields a new electric field distribution, new ion fluxes entering the CDS from the NG, and new density profiles of the plasma species. These new data are then again inserted in the MC models, and the procedure of consecutively running the MC models is repeated, in the same way as above. The iteration between the fluid models on one hand, and the various MC models on the other hand, has to be repeated until final convergence is reached, which is defined when the ion fluxes bombarding the cathode as well as the electron and ion densities, all calculated in the electron-ion-fluid model, stay constant within 1%. This takes typically about 5-10 iterations, depending on the initial guesses for the production and loss rates. The whole calculation procedure can, therefore, amount to several days on a professional workstation with alpha-processor.
Once convergence is reached for the above-described models, the models for the sputtered species are calculated. The flux energy distributions of the various ions and the fast Ar atoms are used to calculate the amount of sputtering, and the thermalization profile of the sputtered Cu atoms. This is used as input in the Cu/Cu ϩ -fluid model to calculate the further behavior of the Cu atoms and Cu ϩ ions. Output of the latter model is, among others, the flux of Cu ϩ ions entering the CDS from the NG, which is used in the Cu ϩ MC model to calculate the trajectory of Cu ϩ ions on their way toward the cathode. This yields, among others, the flux energy distribution of Cu ϩ ions bombarding the cathode, which is used to calculate the updated sputtering rate. Hence, the MC model for thermalization of Cu atoms, the Cu/Cu ϩ -fluid model, and the MC model for Cu ϩ ions in the CDS are repeated until convergence is reached ͑determined when the sputtering rate does not change anymore͒. This happens already after 3 or 4 iterations.
Subsequently, the output of the three Cu models is inserted into the MC and fluid models for the electrons, argon, and hydrogen species. In practice, this has to be done only once, because the sputtered species appear to have only a minor effect on the other models. The main effect is on the Ar metastable atom density, through Penning ionization of the sputtered Cu atoms. The Ar metastable density changes, however, typically by only a few percentages, and it has a negligible effect on the other models.
III. RESULTS AND DISCUSSION
To illustrate the results of the modeling network, it is applied to a simple cylindrically symmetrical glow discharge cell with length and diameter of 1 cm. Calculations have been performed for a dc discharge voltage of 800 V, a gas pressure of 1 Torr, and a gas temperature of 300 K. The corresponding electrical current is then calculated to be in the order of 5 mA ͑see below͒. These operating conditions have been taken as an example, because they are typical of sputtering glow discharges used for the spectrochemical analysis of solid materials; but the model can easily be applied to other dc glow discharge conditions as well. Figure 1 shows the calculated two-dimensional density profiles of the electrons ͑a͒, Ar ϩ ions ͑b͒, ArH ϩ ions ͑c͒, H ϩ ions ͑d͒, H 2 ϩ ions ͑e͒, and H 3 ϩ ions ͑f͒, in a mixture of Ar with 1% H 2 . The cathode is found at the left end of the figures ͑at zϭ0 cm͒, whereas the other borders of the figures are at anode potential. The density profiles of these species reach a maximum at about 2-3 mm from the cathode, which is in the beginning of the NG. The electron density is more or less zero in the CDS ͑which is about 1.5 mm thick at the conditions under study͒, whereas the various ion densities are characterized by low and rather constant ͑but nonzero͒ values in this region, giving rise to a positive space charge in the CDS. The NG, on the other hand, is characterized by nearly equal positive and negative space charges ͑i.e., charge neutrality͒.
The electron density ͓Fig. 1͑a͔͒ has a maximum somewhat above 10 12 cm Ϫ3 , whereas the maximum Ar ϩ ion den- ions ͑f͒, in an Ar glow discharge with 1% H 2 addition at 800 V, 1 Torr, and 300 K. The cathode is found at the left end of the figure, whereas the other borders of the figure are at anode potential.
sity ͓Fig. 1͑b͔͒ is about 6ϫ10 11 cm Ϫ3 . Because the total ion density should be equal to the electron density in the NG, this means that the Ar ϩ ions are the dominant ionic species in the plasma, at the conditions under study. However, the ArH ϩ and H 3 ϩ ions have also rather high densities, with a maximum of about 2ϫ10 11 and 3ϫ10 11 cm Ϫ3 , respectively ͓see Figs. 1͑c͒ and 1͑f͔͒. The densities of the H ϩ and H 2 ϩ ions, on the other hand, are found to be negligible at the conditions under study ͓i.e., with maximum densities in the order of 2ϫ10 8 cm Ϫ3 ; see Figs. 1͑d͒ and 1͑e͔͒. These results are, at least qualitatively, consistent with findings in the literature. Indeed, it is reported in Refs. ͓37,38͔ for pure hydrogen discharges that H ϩ and H 2 ϩ ions react rapidly in lowfield regions with H 2 molecules to form H 3 ϩ ions, which do not fragment again, until they move into higher field regions. H 3 ϩ ions are, therefore, the dominant hydrogen ions in lowfield hydrogen plasmas ͓37,38,74 -76͔. Moreover, in glow discharge mass spectrometry the ArH ϩ ion intensities in the mass spectrum are often found to be of the same magnitude or even higher than the Ar ϩ ion intensity, when small amounts of H 2 ͑or H 2 O͒ are added to the Ar glow discharge ͓17,77͔. It is worth mentioning here that the ratios in the calculated ion densities illustrated in Fig. 1 are also reflected back in the ratios of the fluxes of the different ionic species.
The calculated two-dimensional density profiles of the other species present in the plasma, i.e., the H atoms, Ar metastable atoms, and sputtered Cu atoms and corresponding Cu ϩ ions, are illustrated in Fig. 2 . The density profiles of Ar gas atoms and H 2 molecules are not shown, because they are constant throughout the discharge. The total gas density at 1 Torr and 300 K is simply assumed constant and is calculated, based on the ideal gas law, to be equal to 3.22 ϫ10 16 cm Ϫ3 . At a mixture of 99% Ar with 1% H 2 , the Ar gas atom density is then 3.19ϫ10 16 cm Ϫ3 . The density of the H 2 molecules was calculated in the H-H 2 -fluid model, and was also found to be roughly uniform throughout the discharge, with a value of 3.22ϫ10 14 cm Ϫ3 , i.e., exactly 1% of the total gas density, which was given as input ͑initial condition͒ in the model. Hence, this shows that the large number of production and loss processes taken into account in this model ͑see Sec. II͒ do not really affect the H 2 density at the conditions under study.
The H atom density, as calculated in the H-H 2 fluid model, was found to reach a maximum of almost 3 ϫ10 12 cm Ϫ3 at about 3 mm from the cathode, and it decreases gradually toward the cell walls ͓see Fig. 2͑a͔͒ . This corresponds to a calculated dissociation degree of H 2 , integrated over the entire discharge region, of about 0.35%. Hence, this suggests that most of the added hydrogen is present in molecular form. On the other hand, although this value of 0.35% appears to be low, it should be mentioned that it is still several orders of magnitude higher than the ionization degree of Ar at the conditions under study ͑typi-cally 10 Ϫ5 -10 Ϫ6 ͒ ͓78͔. Moreover, in spite of this low dissociation degree, the H atoms still have a quite high density ͑even higher than the electrons or any of the ionic species͒; hence they can be considered as one of the most abundant plasma species.
The Ar metastable atoms ͓Fig. 2͑b͔͒ appear to reach a pronounced maximum of 6ϫ10 11 cm Ϫ3 adjacent to the cathode, but the overall Ar metastable density in the plasma is calculated in the order of 2ϫ10 10 -2ϫ10 11 cm Ϫ3 . The reason for this pronounced peak is the production of Ar metastable atoms by fast Ar ion and atom impact excitation, which is only important close to the cathode, where the Ar ions and atoms reach high enough energies for excitation ͓70͔. The calculated Cu atom density ͓Fig. 2͑c͔͒ reaches also a maximum rather close to the cathode, which is logical because the Cu atoms are produced at the cathode due to sputtering. The reason that the maximum is not found back at the cathode surface itself is because the sputtered Cu atoms have initial energies in the order of a few eV, and they travel a certain distance before they are thermalized and start to move by diffusion ͓72,78͔. Looking at the absolute values ͑i.e., a maximum of almost 2ϫ10 13 cm Ϫ3 ͒ tells us that the sputtered Cu atoms are quite abundant in the plasma, with a density of almost 0.1% of the argon gas atom density, and only one order of magnitude lower than the H 2 density, at the conditions under study ͑1% H 2 addition͒.
The corresponding Cu ϩ ion density is calculated to be about three orders of magnitude lower, with a maximum of 2ϫ10 10 cm Ϫ3 , at 2-3 mm from the cathode, hence at the same position as the electron and other ionic species densities ͑see Fig. 1͒ . The ionization degree of Cu is hence calculated to be about 0.16%, which is somewhat lower than the dissociation degree of H 2 , but significantly higher than the calculated ionization degree of Ar ͑i.e., order of 10 Ϫ5 ; see above and Ref. ͓78͔͒. The reason is that the Cu atoms are not only ionized by electron impact ionization ͑which is the dominant ionization mechanism for the Ar atoms͒, but two other ionization processes, which are absent for argon, come into play, and are even more important, i.e., Penning ionization by Ar metastable atoms and asymmetric charge transfer with Ar ϩ ions ͑see Sec. II F and also the paragraphs below͒. In order to understand better the effect of hydrogen on an argon glow discharge, we have compared our calculation results for 1% H 2 addition with the results obtained for a pure Ar discharge. Figure 3 presents the one-dimensional density profiles ͑i.e., at the cell axis͒ of the electrons ͑a͒, Ar ϩ ͑b͒, ArH ϩ ͑c͒, H ϩ ͑d͒, H 2 ϩ ͑e͒ and H 3 ϩ ions ͑f͒, for 1% H 2 addition ͑solid lines͒, in comparison with the pure Ar discharge ͑dashed line͒. Because the hydrogen-species are not present in the pure argon discharge, we have also carried out calculations for a lower H 2 fraction ͑i.e., 0.1%͒, to investigate the effect of H 2 concentration on the hydrogen-related ions, and these results are illustrated with small dashed lines ͑also for the electrons and Ar ϩ ions͒. The electron and Ar ϩ ion densities ͓Figs. 3͑a͒ and 3͑b͔͒ drop with increasing H 2 addition. The effect is quite pronounced, even at the small H 2 concentration of 0.1%. The reason for this drop can be explained from the reactions taken into account in the model ͑see Sec. II͒.
The electrons are mainly created by electron impact ionization of Ar atoms ͑order of 90%͒, although fast Ar ϩ ion and Ar atom impact ionization also play a non-negligible role ͑with contributions of several percentage͒. This is true both in the pure Ar discharge and in the Ar-H 2 mixture. Indeed, at the H 2 concentrations under study, electron impact ionization of H 2 molecules was found to be not so important because of the lower H 2 density ͑several orders of magnitude lower͒, and electron impact dissociative ionization of H 2 and ionization of H atoms, were found to be even less important. Hence, no additional production mechanisms of electrons play a significant role in the Ar-H 2 discharge, compared to the pure Ar discharge. However, as far as the loss is concerned, there are some extra important loss mechanisms in the Ar-H 2 discharge. Indeed, in the pure Ar discharge, the loss of electrons is almost exclusively caused by diffusion to the walls and subsequent recombination at the walls, because electron-Ar ϩ -ion recombination in the plasma is not important ͑due to the low rate coefficient͒. In the Ar-H 2 discharge, on the other hand, electron-ion recombination with ArH ϩ and H 3 ϩ ions plays an important role, because the rate coefficients for dissociative recombination with molecular ions are significantly higher. Hence, these additional loss mechanisms explain the drop in electron density.
Similarly, the drop in Ar ϩ ion density as a function of H 2 addition is also caused by additional important loss mechanisms in the Ar-H 2 discharge, and by the absence of additional significant production mechanisms. Indeed, electron impact ionization of Ar atoms, and to a less extent, fast Ar ϩ FIG. 3. Calculated onedimensional density profiles ͑at the cell axis͒ of the electrons ͑a͒, Ar ϩ ions ͑b͒, ArH ϩ ions ͑c͒, H ϩ ions ͑d͒, H 2 ϩ ions ͑e͒, and H 3 ϩ ions ͑f͒, in an Ar glow discharge with 1% H 2 addition ͑solid lines͒ and 0.1% H 2 addition ͑small dashed lines͒, and in a pure Ar discharge ͑wide dashed lines͒ at 800 V, 1 Torr, and 300 K.
ion and Ar atom impact ionization, are again the dominant production mechanisms, both in the pure Ar discharge and in the Ar-H 2 mixture. The loss of Ar ϩ ions, on the other hand, is mainly attributed to diffusion and recombination at the walls in the pure Ar discharge, whereas in the Ar-H 2 discharge, charge transfer and especially H-atom transfer between Ar ϩ ions and H 2 molecules ͑giving rise to H 2 ϩ and ArH ϩ ions, respectively͒ cause an additional loss of the Ar ϩ ion density. A drop in these species densities was also experimentally observed in the literature ͓1-4͔, based on mass spectrometry or Langmuir probe measurements, but several different explanations were suggested, e.g., a drop in electron temperature and ion-molecule reactions ͓1͔, stepwise ionization into highly excited Ar states, followed by quenching down to the Ar (4s) metastable levels ͓4͔, or fast recombination via molecular ions ͓2,3͔. The explanation given in Ref. ͓3͔, albeit for a different discharge plasma ͑i.e., a cascaded arc plasma͒, i.e., H-atom transfer between Ar ϩ and H 2 gives rise to loss of Ar ϩ ions and the formation of ArH ϩ ions, which can then recombine rapidly with electrons, is in agreement with our model observations. Hence, this shows the usefulness of our model to predict reaction rates in a quantitative manner, which may help one to provide better insight in experimental observations. When comparing Figs. 3͑a͒ and 3͑b͒, it is clear that the drop in densities is more significant for the Ar ϩ ions than for the electrons. The reason is that the densities of the hydrogen-related ions, i.e., ArH ϩ , H ϩ , H 2 ϩ , and H 3 ϩ ͑Figs. 3͑c͒-͑f͒͒ increase with H 2 addition, for obvious reasons. The effect is most pronounced for the H ϩ , H 2 ϩ , and H 3 ϩ ions, and is slightly less significant for the ArH ϩ ions. Indeed, the latter are created by H-atom transfer between Ar ϩ ions and H 2 molecules. Hence, when H 2 is added to the Ar discharge, on one hand, the H 2 concentration increases, but on the other hand, the Ar ϩ ion density decreases, so that the production increases less than an order of magnitude ͑as would be expected from the increase in H 2 concentration͒. As a result of the increase of the hydrogen-related ion densities with H 2 addition, and because the electron density should be equal to the total ion density in the bulk plasma, the electron density drops indeed more slowly than the Ar ϩ ion density. Keeping in mind that the fluxes of the electrons and the various ions are proportional to the species densities, it is expected that the total electrical current ͑which is calculated from the sum of the fluxes of the charged species͒ decreases with rising H 2 addition. Indeed, the rise in fluxes of the hydrogen-related ions appears to be not significant enough to compensate for the drop in electron and Ar ϩ ion fluxes. The effect is, however, not so big, i.e., the electrical current was calculated to be 5.3 mA in the pure argon discharge for the conditions under study, and it drops to 5 mA at 0.1% H 2 addition and 4.7 mA at a H 2 concentration of 1%. Figure 4 illustrates the calculated one-dimensional density profiles of the H atoms ͑a͒, Ar metastable atoms ͑b͒, sputtered Cu atoms ͑c͒, and Cu ϩ ions ͑d͒, for 0%, 0.1%, and 1% H 2 addition. As expected, the density of the H atoms ͓Fig. 4͑a͔͒ increases with H 2 addition. The increase is a factor of 6, for an increase in H 2 addition of a factor of 10 ͑i.e., ca. 5 ϫ10 11 cm Ϫ3 at 0.1% H 2 , and ca. 3ϫ10 12 cm Ϫ3 at 1% H 2 addition͒, hence somewhat less than linearly. The calculated H 2 density, on the other hand, increases linearly with the percentage H 2 . Indeed, in spite of the large number of production and loss processes taken into account in the H-H 2 -fluid model ͑see Sec. II͒, the calculated H 2 density was found equal to the initial density given as input in the model, i.e., determined by the percentage H 2 , multiplied with the gas density calculated from the ideal gas law ͑see above͒. This gives values of 3.2ϫ10 13 cm Ϫ3 at 0.1% and 3.2 ϫ10 14 cm Ϫ3 at 1% H 2 , found to be constant in space ͑and therefore not shown here͒. The H atom density increases, therefore, less rapidly than the H 2 density, or in other words, the dissociation degree drops slightly with H 2 addition ͑from about 0.6% at 0.1% H 2 addition, to about 0.35% at 1% H 2 addition͒. The reason is found in the dominant production of H atoms from dissociative excitation of H 2 molecules by Ar metastable atoms. Indeed, the latter species, and hence this production rate, are becoming less important at high H 2 concentrations ͑see below͒, explaining the drop in dissociation degree.
It is worth mentioning here that our calculations predict, indeed, that the production of H atoms by dissociative excitation of H 2 due to Ar metastable atoms, is more important than electron impact dissociative excitation. This is in agreement with experimental observations of a strong continuum emission in the spectral range 220-440 nm, in Ar-H 2 glow discharges ͓14 -16͔. This continuum is considered to be the result of the sequence ͓14 -16,27͔
HϩH.
An alternative reaction path would be the excitation into the triplet state by electron impact, followed also by dissociation ͑i.e., reaction no. 9 of Table I͒ . However, in Ne-H 2 mixtures, where excitation of the H 2 molecules by Ne metastables is not possible, no significant continuum was observed under similar experimental conditions ͓16͔. This suggests, indeed, that electron impact dissociative excitation is less important than dissociative excitation by Ar metastables, in agreement with our model predictions.
As mentioned above, the calculated Ar metastable atom density drops at increasing H 2 concentration, as is apparent from Fig. 4͑b͒ . This is explained by the quenching of Ar metastables due to H 2 molecules ͑i.e., dissociative excitation of H 2 molecules to form H atoms; see above͒. This process, which is of course absent in a pure Ar discharge, is indeed found to be an important loss mechanism of the Ar metastable atoms in the Ar-H 2 discharge, especially at high H 2 concentrations, i.e., we calculated a relative contribution of about 10% at 0.1% H 2 , and somewhat above 50% at 1% H 2 addition.
Finally, the sputtered Cu atom and Cu ϩ ion density profiles are shown for 0%, 0.1%, and 1% H 2 addition in Figs. 4͑c͒ and 4͑d͒. It appears that the addition of H 2 also causes a drop in the densities of these species. The drop in the Cu atom density is attributed to the somewhat lower sputtering flux at rising H 2 concentrations. Indeed, the sputtering flux was calculated to be 5.4ϫ10
16 s Ϫ1 in the pure Ar discharge, and this value drops to 4.5ϫ10 16 s Ϫ1 at 0.1% H 2 , and 3.9 ϫ10 16 s Ϫ1 at 1% H 2 addition. The reason for this drop is the lower flux of Ar ϩ ions and fast Ar atoms bombarding the cathode at increasing H 2 concentrations. Indeed, both these species play the most significant role in sputtering, even at considerable H 2 additions. The relative contributions of fast Ar atoms and Ar ϩ ions are calculated to be about 78% and 17%, respectively ͑both decreasing a few percentages with the H 2 addition rising till 1%͒. The two other species playing a non-negligible role in sputtering, are the Cu ϩ ions ͑so-called self-sputtering, with a relative contribution calculated to be around 3-5 %, again slightly decreasing with rising H 2 addition͒ and the ArH ϩ ions. The latter species, of course, do not come into play in the pure Ar discharge, but their relative contribution is calculated to be 1.2% at 0.1% H 2 addition, and it rises to 7.5% at 1% H 2 addition.
Hence, in spite of the lower ArH ϩ flux bombarding the cathode, the ArH ϩ ions play a significant role in the sputtering process in Ar-H 2 glow discharges, at considerable H 2 concentrations. The reason is that they are characterized by higher energy, and that the sputtering efficiency rises with energy of the bombarding species, in the energy range of interest here. This phenomenon of the higher kinetic energy of ArH ϩ ions compared to Ar ϩ ions when bombarding the cathode, and hence the important role of ArH ϩ ions to sputtering in an Ar-H 2 discharge, has also been reported in the literature ͓6͔. It was even found ͓6͔ that, because of this reason, for certain conditions the sputter rates can reach a maximum at 5-20 % hydrogen added to the argon discharge.
As far as the other three hydrogen-related ions ͑H ϩ , H 2 ϩ , and H 3 ϩ ͒ are concerned, their contribution to sputtering is found to be of minor importance compared to the role of fast Ar 0 atoms, Ar ϩ , Cu ϩ , and ArH ϩ ions at the conditions under study, i.e., with relative contributions calculated to be 0.03%, 0.02%, and 0.04% for H ϩ , H 2 ϩ , and H 3 ϩ , respectively, at 1% H 2 addition. This is explained by their low fluxes when bombarding the cathode, in combination with their low sputtering efficiency ͑due to their low mass͒. The Cu ϩ ion density also decreases with H 2 addition, and the drop is clearly more pronounced than for the Cu atoms. This is attributed to the decreased efficiency of ionization of the Cu atoms in the model. Indeed, both the Ar ϩ ion density and the Ar metastable density drop with adding H 2 to the discharge ͓see above, Figs. 3͑b͒ and 4͑b͒, respectively͔. Hence, asymmetric charge transfer with Ar ϩ ions and Penning ionization by Ar metastable atoms, which are found to be the two most important ionization mechanisms of sputtered Cu atoms in a pure Ar glow discharge ͑see below͒, become less important with the addition of H 2 . Electron impact ionization becomes also slightly less important, because of the somewhat lower electron flux, but the effect is less pronounced than for Penning ionization and asymmetric charge transfer. Hence, as far as the relative contributions of the three ionization mechanisms are concerned, it is found that Penning ionization and asymmetric charge transfer drop at rising H 2 addition, whereas electron impact ionization becomes relatively more important. Indeed, the relative contributions of asymmetric charge transfer, Penning ionization, and electron impact ionization were calculated to be 60%, 35%, and 5% in the pure Ar discharge, whereas at 1% H 2 addition, these values change to about 50%, 30%, and 20%, respectively, for the conditions under study.
This might explain some observations in the literature ͓17,18͔ that a better correlation could be obtained between measured relative sensitivity factors for different sputtered elements and values predicted by simple empirical equilibrium models, when adding H 2 to an argon glow discharge. Relative sensitivity factors are used for quantitative analysis in glow discharge mass spectrometry, and they are a measure for the ionization efficiency of the sputtered atoms in the plasma ͓79͔. The above-mentioned equilibrium models ͓17,18͔ are based on the first ionization potential of the elements, which determines only the cross section of electron impact ionization. Indeed, Penning ionization occurs more or less unselectively ͑depending only on the mass and/or radius of the elements ͓80͔͒, as long as the ionization potential of the elements is below the excitation energy of the Ar metastable atoms ͑i.e., 11.55 eV͒. This is the case for almost all elements, with the exception of nitrogen, oxygen, and chlorine ͓79͔. Asymmetric charge transfer, on the other hand, is a very selective process, which depends on the availability of suitable energy levels of the element ions, which overlap closely with the Ar ϩ ion ground state ͑or metastable level͒ ͓79͔. Hence, the better correlation with model predictions based on the first ionization potential in the Ar-H 2 glow discharge suggests that electron impact ionization plays a more important role as ionization mechanism of the sputtered atoms in the Ar-H 2 mixture, compared to a pure Ar discharge, which is in accordance with the trend that we have predicted by using our model ͑see above͒.
Besides the changing relative contributions of the three different ionization mechanisms of the Cu atoms, it remains true that the efficiency of the three ionization processes decreases in absolute values as a function of H 2 addition, and hence that the calculated ionization degree of Cu decreases. The ionization degree was calculated to be 0.4% in the pure Ar discharge, and this value drops to 0.3% at 0.1% H 2 concentration, and about 0.16% at 1% H 2 addition. Hence, it appears that the calculated ionization degree of Cu is only slightly lower but still in the same order of magnitude as the dissociation degree of H 2 ͑see above͒. The calculated ionization degree of argon, on the other hand, is still a few orders of magnitude lower ͑i.e., typically 10 Ϫ5 at the conditions under study, see above͒, for the reasons given above.
IV. CONCLUSION
The effect of H 2 added to an Ar glow discharge is investigated by means of a hybrid modeling network. The latter consists of a number of MC and fluid models for the different species assumed to be present in the plasma, i.e., Ar gas atoms, electrons, Ar ϩ ions, fast Ar atoms, ArH ϩ , H ϩ , H 2 ϩ and H 3 ϩ ions, H atoms and H 2 molecules, Ar metastable atoms, and sputtered Cu atoms and the corresponding Cu ϩ ions. Sixty five different reactions between these species are taken into account, of which most are treated in the MC models. Typical calculation results of the model include the densities and fluxes of the various plasma species, the role of different production and loss processes for the various species, the cathode sputtering rate and contributions by different bombarding species, the dissociation degree of H 2 and the ionization degree of Ar and of sputtered Cu atoms.
As an illustration, the calculations are carried out for a mixture of Ar with 1% H 2 addition, and comparison is also made with a pure Ar discharge, and with 0.1% H 2 addition. It is found that the densities of electrons, Ar ϩ ions, Ar metastable atoms, sputtered Cu atoms and corresponding Cu ϩ ions all drop as a function of H 2 addition. A drop in electron and Ar ϩ ion densities is also experimentally observed in the literature ͓1-4͔. The reason for the drop in electron density is the electron recombination with ArH ϩ and H 3 ϩ ions, whereas the drop in Ar ϩ density is attributed to H-atom transfer of Ar ϩ ions with H 2 molecules. The model predictions identify the reactions responsible for these effects, and these are in excellent agreement with experimental observation ͓3͔, albeit for different discharge conditions. The latter reaction mechanism between Ar ϩ and H 2 leads to the formation of ArH ϩ ions, which are therefore also characterized by a relatively high density in the Ar-H 2 discharge ͑i.e., calculated to be only a factor of 3 lower than the Ar ϩ ion density, at 1% H 2 addition͒. Also, the H 3 ϩ ions have a rather high density at 1% H 2 addition ͑i.e., comparable to the ArH ϩ density͒, which is attributed to the efficient proton transfer reaction between ArH ϩ and H 2 . The densities of H ϩ and H 2 ϩ ions, on the other hand, are calculated to be several orders of magnitude lower. This calculation result of relatively high ArH ϩ and H 3 ϩ ion densities and low H ϩ and H 2 ϩ ion densities is also consistent with findings in the literature ͓7,37,38,74 -77͔.
The calculated drop in Ar metastable atom density as a function of H 2 addition is due to collisions with H 2 molecules, leading to quenching of the Ar metastable level, as well as excitation followed by dissociation of H 2 . The latter is indeed found to be the most important mechanism for H 2 dissociation ͑and hence formation of H atoms͒, which is in excellent agreement with experimental observations in the literature of a strong continuum emission in the spectral range of 220-440 nm, typically observed in Ar-H 2 glow discharges ͓14 -16͔. The dissociation degree of H 2 was calculated around 0.35-0.6 % at 1% and 0.1% H 2 addition, respectively. This suggests that at the conditions under study most of the added hydrogen is present in molecular form. Nevertheless, the H atom density is still quite significant, and higher than the electron density or any of the ionic species densities.
Because the Ar ϩ ion and fast Ar atom fluxes bombarding the cathode decrease with H 2 addition, the amount of sputtering drops and hence also the sputtered Cu atom density. Indeed, the sputtering is mainly caused by fast Ar atoms and ͑to a less extent͒ by Ar ϩ ions. It should, however, be mentioned that the Cu ϩ ions also play a non-negligible role ͑or-der of a few percentages͒, and the contribution of ArH ϩ ions becomes also significant at 1% H 2 addition. The latter is attributed to the higher energy of the ArH ϩ ions bombarding the cathode, in spite of their lower flux, and it is in correspondence with observations in the literature ͓6͔.
Finally, the drop in Cu ϩ ion density as a function of H 2 addition is due to a combination of ͑i͒ the drop in Cu atom density and ͑ii͒ a drop in ionization efficiency of the Cu atoms. Indeed, the latter results from the lower Ar ϩ ion and Ar metastable atom densities, leading to a drop in ionization of Cu atoms by asymmetric charge transfer with Ar ϩ ions and Penning ionization by Ar metastable atoms ͑i.e., the two most important ionization mechanisms of Cu atoms͒. Electron impact ionization of Cu atoms also decreases slightly with H 2 addition, but the effect is less pronounced than for the other two ionization mechanisms. Hence, this means that the relative contributions of asymmetric charge transfer and Penning ionization drop, whereas electron impact ionization becomes relatively more important. The latter can explain some observations in the literature, with respect to a better correlation between measured relative sensitivity factors and values predicted by simple equilibrium models ͓17,18͔.
The above model predictions illustrate that our model can explain most of the effects observed experimentally in Ar-H 2 glow discharges. Exact quantitative comparison with experimental data could not be made, because of the general cell geometry used here as an example to illustrate the model results. The only experimental observation made in the lit-erature, which cannot yet be predicted with our present model, is the fact that some optical emission lines drop in intensity whereas other line intensities show a rise as a function of H 2 addition. Indeed, this can only be explained when comparing in detail the energy levels of H atoms and H 2 molecules, with the energy level schemes of the elements concerned, because a selective mechanism ͑population or quenching of certain energy levels͒ is expected to play a role. Such a study is planned for the near future, based on a systematic experimental survey.
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